Introduction
Increasing attention has been focused on the physiological removal of cells through apoptosis or programmed cell death during fetal tissue remodelling and during normal development in adults. The capacity for cell 'suicide' seems to be present in most, if not all, tissues to maintain a homeostatic state of the individual (Raff, 1992) .
During the fertile phase of the life span of mammals, the function of the gonads is hormonally controlled. In addition to the proliferation of somatic and germ cells in the ovary and in the testis during normal gonadal development, degeneration of gonadal cells plays an important physiological role and results in the depletion of a majority of germ cells in both sexes. In the testis, morphological signs of germ cell degeneration during spermatogenesis were recognized almost a century ago (Regaud, 1900) . Even earlier, the phenomenon of cell removal associated with the presence of small or fragmented cells was noted in the study of regression of Graafian follicles (Flemming, 1885) . The process, called chromolysis, resembles follicular atresia and the morphological changes during apoptosis seen in other cell types. Apoptosis in gonads has been recently characterized biochemically, and its role in gonadal physiology is now gaining increasing attention.
Apoptotic cell death is morphologically characterized by disruption of the cell skeleton, cell shrinkage, membrane blebbing, nuclear condensation, cell disruption into small membrane-enclosed fragments called apoptotic bodies and phagocytosis by neighbouring cells to complete the degradation of the cell. One of the most striking biochemical features of apoptosis is the activation of a calcium/magnesiumdependent endonuclease which specifically cleaves cellular DNA between regularly spaced nucleosomal units that can be visualized as a distinct ladder of DNA bands following agarose gel electrophoresis and ethidium bromide staining (Wyllie et al., 1980; Arends et al., 1990) . The Ca 2+ /Mg 2+ -dependent endonuclease is present in diverse cell types (Arends et al., 1990; Gaido and Cidlowski, 1991) , including the ovarian granulosa and luteal cells (Zeleznik et al., 1989; Boone et al., 1995) . Once activated, the apoptotic degradation of DNA is irreversible. Indeed, recent studies have indicated that rat testis (Tapanainen et al., 1993; Shikone et al., 1994; Billig et al., 1995; Henriksen et al., 1995) , as well as atretic rat, avian, porcine, bovine and human follicles, contains DNA fragments resembling oligonucleosomes of different sizes (Hughes and Gorospe, 1991; Tilly et al., 1991 Tilly et al., , 1992a Jolly et al., 1994; Quirk et al., 1995) .
Molecular mechanism of apoptosis
In most cells apoptosis requires active transcription of new genes. For instance, glucocorticoid-induced apoptosis in thymocytes is suppressed by inhibitors of transcription or translation (Cohen and Duke, 1984) . To date, a number of genes have been identified as being involved in the activation of apoptosis in different tissues and species. Some of these genes are essential for the activation of the apoptosis programme, and loss of their function prevents cell death. In the nematode Caenorhabditis elegans, an excellent model for the study of gene regulation during apoptosis, products of the ced-3 and ced-4 genes initiate apoptosis Horvitz, 1990, 1992) . In contrast, the ced-9 gene product blocks apoptosis (Hengartner et al., 1992) . The gene bcl-2 has been shown to be the mammalian analogue of ced-9 and, when over-expressed, blocks apoptosis in many cells. Indeed, over-expression of bcl-2 leads to suppression of lymphocyte cell death, prolonged cell survival and tumour formation (Liu et al., 1991; Reed, 1994) . The mammalian homologue to the gene product ced-3 is the interleukin-1β-converting enzyme (ICE) (Miura et al., 1993) and several other cysteine proteases involved in apoptosis (Martin and Green, 1995) (Table I) . Over-expression of ICE induces apoptosis in some cell types. It is becoming apparent that the genes responsible for the synthesis of bcl-2 and ICE each represent only one member of two separate gene families. One could envision that different members of these two gene families are involved in the regulation of apoptosis in specific mammalian cell types (Table I) .
Only limited data on genes involved in the activation or inhibition of apoptosis in gonads have been reported. Although bcl-2 protein was not found in the human ovary (Hockenbery et al., 1991; Reed et al., 1991) , a recent report has suggested that bcl-2 mRNA is expressed in rat ovaries but its level does not vary after gonadotrophin treatment. The expression of another member of the bcl-2 gene family, bax, that antagonizes bcl-2 activity is, however, reduced after gonadotrophin treatment (Tilly et al., 1995) . Due to the possible involvement of multiple genes of the bcl-2 family and due to the potential contamination of ovarian preparations by blood cells expressing bcl-2 and bax, more comprehensive analyses are needed to establish a cause-effect relationship between these genes and ovarian cell apoptosis. Hengartner et al. (1992) bcl-2 prevents apoptosis over-expression in B cell lymphoma chromosomal translocation (mammalian homologue to ced-9) mammalian Hengartner & Horvitz (1994) bax prevents bcl-2 action co-precipitates with bcl-2 protein and increases apoptosis mammalian Oltavi et al. (1993) bcl-x Long form prevents apoptosis homologous screening of cDNA library mammalian Boise et al. (1993) Short form promotes apoptosis A1 prevents apoptosis differential screening (haematopoietic cells) (similarities to bcl-2) mammalian Lin et al. (1993) bak promotes apoptosis homologous screening of cDNA mammalian Kiefer et al. (1995) , Chittenden et al. (1995) ced-3 promotes apoptosis genetic analysis (C. elegans) nematode Yuan & Horvitz (1990) ced-4 promotes apoptosis genetic analysis (C. elegans) nematode Yuan & Horvitz (1990 ICE promotes apoptosis protease homologue to ced-3 mammalian Miura et al. (1993) nedd-2/Ich-1 promotes apoptosis protease homologue to ced-3 mammalian Kumar et al. (1992) , Wang et al. (1994) Apopain/cpp32 promotes apoptosis protease homologue to ced-3 mammalian Fernadez-Alnemri et al. (1994) , Nicholson et al. (1995) 
Cell depletion in the gonads
In the human ovary, there are two million oocytes at birth and 400 000 follicles are present at the onset of puberty. However, only 400 follicles can possibly be ovulated during the reproductive phase of a woman's life (Baker, 1963) . At the time of menopause, only a few follicles can be found in the ovary. More than 99.9% of follicles, including oocytes and granulosa and theca cells, are deleted. Indeed, it is the 'norm' for a follicle to die rather than to ovulate. The degenerative process by which 99.9% of follicles are irrevocably committed to undergo cell death is termed atresia. Despite its critical role during the recruitment of follicles for ovulation, the mechanisms underlying the onset and progression of atresia remain poorly understood (Hirshfield, 1991; Hsueh et al., 1994) . In mammals, there are at least four degenerative stages during ovarian development to account for the massive loss of ovarian cells. During migration of the primordial germ cells from the yolk sac to the genital ridge, these cells undergo degeneration unless rescued by stem cell factor and other related factors (Dolci et al., 1991; Godin et al., 1991) . Coincident with their entry into meiosis, germ cells undergo attrition before formation of the follicles (Beaumont and Mandl, 1962) . At the penultimate stage of development, early antral follicles either differentiate or undergo atresia. If ovulatory signals are absent, the mature follicles also may undergo degeneration. After ovulation, the corpora lutea have a finite life span and undergo luteolysis.
The morphological features of atresia have been described as progressive changes in all follicular cell types. An early sign of atresia is the presence of scattered pyknotic nuclei in the granulosa cell layer (Hirshfield, 1989) . Further evidence of follicular deterioration in follicles of more advanced stages of atresia includes detachment of the granulosa cell layer from the basement membrane (Junquiera et al., 1989) , fragmentation of the basal lamina (Bagavandoss et al., 1983) and the presence of cell debris in the follicular antrum (Hay et al., 1976) . A reduction of protein (Byskov, 1979) and DNA (Greenwald, 1989; Hirshfield, 1989) synthesis within granulosa cells of atretic follicles has also been reported. In the oocyte, meiosis-like changes (germinal vesicle breakdown) occur, followed by oocyte fragmentation. These changes are accompanied by disruption of the oocyte-cumulus connection (Tsafriri and Braw, 1984) . In ovine atretic follicles (O'shea et al., 1978) , theca cells undergo degeneration. In contrast, human, rat and rabbit theca cells undergo extensive hypertrophy during follicle atresia (Braw et al., 1976; Erickson et al., 1985) . The morphological changes seen during atresia resemble those of cells undergoing apoptosis.
Germ cell depletion during normal spermatogenesis results in the loss of up to 75% of potential numbers of mature sperm cells in the testis of adults (Oakland, 1956; Huckins, 1978; De Rooij and Lok, 1987) . Morphological analysis indicated that germ cell demise is present throughout testis development (Huckins, 1978) . Peaks of germ cell loss have been found in three distinct stages of spermatogenesis: (i) during mitotic division of type A spermatogonia, (ii) during meiotic division of spermatocytes and (iii) during spermiogenesis (Huckins, 1978 and references therein) . In neonatal and pubertal rodents, the incidence of testis germ cell degeneration also varies (Russel et al., 1987) . This degeneration shows distinct morphological signs, including margination and condensation of nuclear chromatin and phagocytosis by Sertoli cells without inflammation (Allan et al., 1992) , that are consistent with the cell morphology found during apoptotic cell death (Cohen, 1993; Schwartz and Osborne, 1993) .
Although individual seminiferous tubules in the testis do not undergo an 'all-or-none' degenerative process like atresia in ovarian follicles, it is clear that germ cell death plays an important role in testis physiology and pathophysiology. In addition, the seminiferous tubules are highly sensitive to damage by ionizing radiation, chemotherapeutic agents and hyperthermia, highlighting the role of testis cell death in pathological conditions.
Detection and localization of apoptosis in the gonads
Studies of atresia and apoptosis in ovarian follicles have become more accessible with the development of sensitive DNA fractionation and in-situ DNA end-labelling assays. In the quantitative DNA fractionation assay, isolated DNA is labelled at its 3′-ends with [ 32 P]dideoxy (dd)ATP. Electrophoretic separation of the labelled DNA enables both quantitative estimation of [ 32 P]ddATP incorporation and autoradiographic visualization of apoptotic DNA fragments ( Figure 1 ; Tilly and Hsueh, 1992) . In contrast, specific cell types undergoing apoptosis can be studied on histological sections after in-situ 3′-end-labelling of DNA with a modified nucleotide, digoxigenin-ddUTP ( Figure  1 ; Billig et al., 1993) . With the recent application of these methods to the analysis of ovarian cell death, it is clear that granulosa cells are the major cell type undergoing apoptosis during follicle atresia (Billig et al., 1993; Palumbo and Yeh, 1994; Guthrie et al., 1995) .
DNA 3′-end-labelling and in-situ analyses have also been used to investigate testis cell apoptosis. In the normal developing testis, increased levels of apoptotic DNA fragmentation were detected in rats between 16 and 32 days of Figure 1 . Quantitative analysis of DNA fractionation and the in-situ DNA 3′-end-labelling assay. Isolated DNA is 3′-end-labelled with [ 32 P]ddATP and fractionated using agarose gels. After autoradiography, portions of each lane corresponding to DNA of <15 kb are isolated, and radioactivity is estimated for quantifying the degree of internucleosomal DNA fragmentation (Tilly and Hsueh, 1992) . Alternatively, cellular DNA is 3′-end-labelled in situ with digoxigenindideoxy (dd)UTP. Incorporated digoxigenin-ddUTP is detected by anti-digoxigenin antibodies conjugated to alkaline phosphatase and visualized after the addition of colour substrates. Reprinted from Hsueh et al. (1994) with permission.
age, while lower levels were found in younger and in adult animals (Billig et al., 1995) . DNA fragmentation was found in germ cells, whereas apoptosis in somatic cells (Leydig and Sertoli cells) could not be detected (Shikone et al., 1994; Billig et al., 1995) . Consistent with morphological signs of degeneration (Russel et al., 1987) , in-situ analysis indicated that apoptosis in rats at 20 and 32 days of age was most frequently found in spermatocytes (Billig et al., 1995) . In adult rats, apoptotic DNA fragmentation in the testis was also restricted to germ cells of the seminiferous tubules. In most but not all tubules increased labelling was found in meiotic spermatocytes delineating the periphery of the tubules (Figure 2 ). Upon fractionation of DNA from dissected seminiferous tubules at different stages, the lowest levels of apoptosis were found in stage VIII tubules, while 2-fold higher levels of apoptotic DNA fragmentation were found in stages I and XII-XIV (Billig et al., 1995; Henriksen et al., 1995) . Morphological signs of cell degeneration in type A 2 , A 3 and A 4 spermatogonia and spermatocytes have been found in these stages of the tubules (Russel et al., 1987; Allan et al., 1992) . Thus, in contrast to ovarian studies showing massive apoptosis of somatic granulosa cells, germ cells are the major cells affected in the testis (Shikone et al., 1994; Billig et al., 1995) .
Hormonal control of gonadal cell apoptosis
The factors which trigger apoptosis in diverse tissues appear to be tissue-specific, although it is believed that these various early apoptotic signals in different cell types ultimately lead to a common pathway which locks all cells into the irreversible progression of apoptotic cell death (Martin and Green, 1995; Stellar, 1995) . In gonads, diverse hormones and growth factors can act as survival factors to inhibit apoptosis or as apoptotic factors to induce cell demise through endocrine, paracrine and autocrine mechan- isms. Furthermore, the action of these factors is dependent on the stage of differentiation of the gonadal cells.
Role of gonadotrophins
Decreases of circulating gonadotrophins through hypophysectomy (Ingram, 1953) or blockade of the luteinizing hormone/follicle stimulating hormone (LH/FSH) surge (Braw and Tsafriri, 1980) lead to massive atresia of pre-ovulatory follicles on the day of pro-oestrus. However, the general process of atresia does not appear to be temporally related to marked changes in serum concentrations of gonadotrophins because atresia can be found at all stages of the reproductive cycle (Brand and de Jong, 1973; Byskov, 1979) .
Measurement of ovarian DNA fragmentation and in-situ analysis indicated that treatment of hypophysectomized immature rats with FSH decreased follicle apoptosis in the granulosa cells in vivo . When cultured follicles were treated with either FSH or human chorionic gonadotrophin (HCG), the time-dependent, spontaneous onset of internucleosomal DNA fragmentation characteristic of apoptotic cell death was prevented in both early antral and pre-ovulatory follicles, underscoring the role of gonadotrophins as follicle survival factors (Chun et al., 1994; Eisenhauer et al., 1995b) .
It has been established that spermatogenesis is gonadotrophin-dependent and that the optimal function of testis cells is supported by LH and FSH (Parvinen, 1982; Steinberger, 1991) . Hypophysectomy or neutralization of circulating gonadotrophins increases degeneration of spermatogenic cells (Russel and Clermont, 1977; Raj and Dym, 1976; Russel et al., 1987) , while treatment with gonadotrophins prevents germ cell degeneration at specific stages of spermatogenesis (Russel and Clermont, 1977; Russel et al., 1987) . Hypophysectomy increases internucleosomal DNA fragmentation, demonstrating the important role of pituitary factors in suppressing testicular apoptosis. In-vivo treatment of hypophysectomized rats with LH and FSH inhibits testicular apoptosis (Tapanainen et al., 1993) . Even though Leydig and Sertoli cells are dependent on gonadotrophins for their development (Kerr and Sharpe, 1985; Almiron and Chemes, 1988) , hypophysectomy of adult animals does not induce morphological signs of apoptosis in these cells Russel et al., 1992) . In-situ analysis further indicates that only germ cells and not Leydig or Sertoli cells undergo apoptosis (Shikone et al., 1994; Billig, et al., 1995; Hikim et al., 1995) .
Pituitary-dependent regulation of testicular apoptosis is further underscored in a photoperiod-entrained animal model showing testis cell regression and recrudescence . Hamsters transferred from an environment with long days (16 h light and 8 h dark) to short days (8 h light and 16 h dark) showed a drastic increase in testicular apoptosis. This was paralleled by a decrease in circulating levels of FSH and testosterone and followed by decreases in testis weight. When the photoperiod was switched (i.e. from short to long periods of light), the effects on apoptosis, hormone concentrations and testicular weight were reversed, demonstrating that FSH and testosterone act as survival factors for testis cells in these seasonal breeders .
Recent studies further indicate that the gonadotrophin dependence of testis germ cell apoptosis is age-related. A marked increase in apoptotic DNA fragmentation was seen in 16-32 day old rats treated with a potent gonadotrophinreleasing hormone (GnRH) antagonist that suppresses circulating concentrations of FSH and LH (Figure 3 ; Billig et al., 1995) . Moreover, in-situ labelling of testis DNA fragments demonstrated that an increase in the number of apoptotic spermatocytes was evident in 16-32 day old rats pre-treated with the GnRH antagonist. These findings are consistent with the cell stages previously shown to exhibit increased morphological signs of degeneration after hypophysectomy in rats at similar ages (Russel et al., 1987) . However, in adults and animals <16 days of age, GnRH antagonist treatment did not affect the level of apoptotic DNA fragmentation in spite of decreased concentrations of FSH, suggesting the role of gonadotrophins as survival factors is age-dependent (Billig et al. 1995) . A recent report indicated that, after prolonged (5 days) treatment with a GnRH antagonist, apoptosis could be induced in different germ cells in adult rats (Hikim et al., 1995) .
Role of growth factors, growth hormone (GH) and cytokines

EGF, TGFα and bFGF
Similar to cultured follicles, a time-dependent, spontaneous onset of internucleosomal DNA fragmentation occurred in cultured granulosa cells. Treatment of these cultured granulosa cells with epidermal growth factor (EGF), transforming growth factor α (TGFα) or basic fibroblast growth factor (bFGF) inhibited the spontaneous onset of apoptotic DNA cleavage (Tilly et al., 1992b) . A recent study has suggested that the EGF suppression of granulosa cell apoptosis is mediated by the stimulation of progesterone production and the regulation of intracellular free calcium concentrations (Luciano et al., 1994) . EGF/ TGFα and bFGF, as well as their receptors, have been found in the ovary Khan-Dawood, 1987; Kudlow et al., 1987; Neufeld et al., 1987; Westergaard and Andersen, 1989) . In addition, the levels of ovarian TGFα Figure 3 . Gonadotrophin regulation of testicular cell apoptosis: agerelated changes in gonadotrophin dependence. Pre-treatment of rats with a potent gonadotrophin-releasing hormone (GnRH) antagonist that suppressed circulating concentrations of follicle stimulating hormone and luteinizing hormone caused marked increases in apoptotic DNA fragmentation in 16-32 day old animals. Testicular DNA was 3′-end-labelled with [ 32 P]ddATP and fractionated through 2% agarose gels followed by exposure on films to visualize the incorporation of [ 32 P]ddATP into DNA 3′-ends (V = vehicle-treated, A = GnRH antagonist-treated). Reprinted from Billig et al. (1995) with permission.
message are up-regulated following FSH stimulation in vivo (Kudlow et al., 1987) . Although immunocytochemical analysis has revealed the localization of TGFα protein to the theca-interstitial layer of follicles in several species (Kudlow et al., 1987) , high-affinity receptors for EGF/ TGFα (Jones et al., 1982; St-Arnaud et al., 1983; Feng et al., 1987) and bFGF (Shikone et al., 1992) have been localized to granulosa cells of ovarian follicles. Therefore, it is possible that apoptotic cell death in granulosa cells of preovulatory follicles is prevented by the paracrine actions of EGF/TGFα secreted by theca-interstitial cells, or the autocrine actions of bFGF synthesized by granulosa cells.
IGF and GH
The ovary expresses insulin-like growth factor (IGF)-I receptor, IGF-I, IGF-binding proteins (IGFBP), and proteases degrading the binding protein. Local production of IGF-I plays an important intra-ovarian role in the augmentation of gonadotrophin stimulation of follicle differentiation (Adashi et al., 1985; Giudice, 1992) . In rats, the ovarian mRNA for IGF-I is abundant (fourth only to liver, oviduct and uterus; Murphy et al., 1987; Carlsson et al., 1993b) , underscoring the importance of local control mechanisms. Early studies also demonstrated the presence of IGF-I receptors in the granulosa cells and the stimulation of an increase in ovarian IGF-I concentrations by both FSH Hernandez et al., 1989) and GH , although gonadotrophins are probably the primary stimulator of granulosa cell IGF-I production (Carlsson et al., 1989) .
IGF in body fluids are bound to IGFBP, and six IGFBP have been cloned and sequenced (Shimasaki and Ling, 1991) . Although circulating IGFBP prolong the half-life of IGF, these proteins mostly inhibit IGF actions (Ui et al., 1989; Bicsak et al., 1990; Adashi et al., 1992) . IGFBP-4 and -5 are produced by rat granulosa cells (Erickson et al., 1992a,b) , and FSH treatment decreases the secretion of these proteins in rat ovaries (Adashi et al., 1990) . In atretic human follicles of both normal and polycystic ovarian syndrome patients, high concentrations of IGFBP have been detected (Cataldo and Giudice, 1992a,b) . In-situ mRNA analysis has further demonstrated the presence of IGFBP in atretic but not in healthy follicles (Erickson et al., 1992b) . In addition, the binding of endogenously produced IGF-I by exogenously added IGFBP-3 suppresses gonadotrophin stimulation of follicle growth and subsequent ovulation (Ui et al., 1989; Bicsak et al., 1990) , suggesting that some of the physiological effects of FSH are mediated by endogenously produced IGF-I.
The spontaneous onset of apoptosis in pre-ovulatory follicles in vitro is prevented by IGF-I, FSH and HCG (Chun et al., 1994) . However, the same hormones do not prevent development of apoptosis in isolated granulosa cells, in spite of the presence of their receptors on granulosa cells (Tilly et al., 1992b) , suggesting that theca cells are important for mediating the suppressive effect of IGF-I and gonadotrophins on apoptosis. Furthermore, the suppressive effect of both IGF-I and gonadotrophins on follicle DNA fragmentation was prevented by co-treatment with IGFBP-3 (Figure 4) . Indeed, treatment with HCG induces an increase in IGF-I mRNA concentrations in cultured follicles (Chun et al., 1994) . The apoptosis-suppressive action of gonadotrophins is probably manifested by decreased production of IGFBP (Adashi et al., 1990) , increased IGFBP proteolysis (Fielder et al., 1993; Liu et al., 1993) as well as the stimulation of local IGF-I production Carlsson et al., 1989; Hernandez et al., 1989) .
In many tissues, IGF-I production is stimulated by GH, and IGF-I mediates many of the GH effects (D' Ercole et al., 1984) . In several species, including rat and human, GH receptor/binding protein has been demonstrated in granulosa and theca cells and in the corpus luteum (Lobie et al., 1990; Carlsson et al., 1992 Carlsson et al., , 1993a . In the ovary, GH also increases the production of IGF-I . Furthermore, treatment with GH inhibits apoptosis in cultured rat follicles (Eisenhauer et al., 1995a) . This effect is most likely mediated through local production of IGF-I Figure 4 . Gonadotrophin and insulin-like growth factor (IGF)-I regulation of ovarian apoptosis: inhibition of apoptosis in cultured ovarian follicles by human chorionic gonadotrophin (HCG) and IGF-I and reversal by IGF-binding protein-3 (IGFBP-3). Pre-ovulatory follicles were incubated for 24 h with HCG or IGF-I with or without IGFBP-3. DNA extracted was 3′-end-labelled and gel-fractionated as described in Figure 1 . Reprinted with permission from Chun et al. (1994) .
because GH treatment increases IGF-I mRNA concentrations in cultured follicles. Also, IGFBP-3 treatment reverses the inhibitory effect of GH on apoptosis (Eisenhauer et al., 1995a) . These data suggest that IGF-I and GH are survival factors for ovarian follicles and the ability of gonadotrophins and GH to suppress apoptosis is partially mediated by endogenously produced IGF-I.
Cytokines
Recent studies have indicated that the pleiotropic cytokine interleukin-6 (IL-6) is produced by granulosa cells (Gorospe et al., 1992) under the control of FSH, IL-1α, IL-1β and lipopolysaccharide but not tumour necrosis factor α (TNF-α). Using cultured granulosa cells from rats primed with pregnant mare's serum gonadotrophin, IL-6 was shown to stimulate apoptotic DNA fragmentation in granulosa cells, suggesting that the cytokine may be an intra-follicular atretogenic factor (Gorospe and Spangelo, 1993) . IL-1β has also been shown to be cytotoxic to dispersed ovarian cells in vitro (Hurwitz et al., 1992) . This effect might be mediated via nitric oxide (NO)-induced cGMP production (Ellman et al., 1993) . However, preliminary studies suggest that apoptosis is inhibited by NO-induced guanylate cyclase activation and by the addition of cGMP analogue in isolated granulosa cells (Assarsson et al., 1994) . In cultured pre-ovulatory follicles, IL-1β treatment increases NO production and inhibits apoptosis ( Figure 5 ; Chun et al., 1995) . Interestingly, HCG also increases NO production in cultured follicles, and the suppressive effect of gonadotrophins could in part be reversed by IL-1 receptor antagonist, suggesting mediation of gonadotrophin action by endogenous IL-1β (Chun et al., 1995) . Furthermore, follicle apoptosis could be prevented by treatment with an NO generator (sodium nitroprusside) or a membrane-permeable analogue of cGMP ( Figure 5) .
In contrast to the ovary, regulation of testis cell apoptosis by growth factors, GH and cytokines has not been studied.
Role of sex steroids
In the ovary, sex steroids are important intra-ovarian regulators of follicle atresia and, when oestrogen is given to hypophysectomized rats, fewer follicles become atretic (Ingram, 1959) . Furthermore, the profile of sex steroid production in healthy follicles differs from that in atretic follicles. In rat and hamster ovaries, the production of both oestrogens and androgens decreases in atretic follicles (Braw and Tsafriri, 1980; Uilenbroek et al., 1980; Braw et al., 1981; Terranova, 1981) . In human, ovine and porcine ovaries the oestradiol production by atretic follicles is also decreased but the production of androgens is increased (Carson et al., 1981; Maxson et al., 1985; Moor et al., 1978) . The common denominator for all these species is a decreased oestrogen production in atretic follicles (Moor et al., 1978; Braw and Tsafriri, 1980; Braw et al., 1981; Carson et al., 1981; Terranova, 1981; Maxson et al., 1985) . In general, changes in steroidogenesis can be observed prior Figure 5 . Suppression of follicle apoptosis by interleukin-1β (IL-1β), sodium nitroprusside and an analogue of cGMP. Pre-ovulatory follicles were treated with IL-1β, sodium nitroprusside (SNP, a nitric oxide generator) or bromo-cGMP (cGMP) for 24 h. Follicle cell DNA fragmentation was analysed following 3′-end-labelling and fractionation. Reprinted with permission from Chun et al. (1995) .
to morphological signs of atresia (Braw and Tsafriri, 1980; Uilenbroek et al., 1980; Jolly et al., 1994) . In-situ analysis of DNA fragmentation on histological sections of ovaries has demonstrated that apoptosis induced by oestrogen withdrawal in hypophysectomized rats is confined to the granulosa cells in early antral and pre-antral follicles (Figure 6C and D) . No increase in DNA breakdown was detected in theca and interstitial cells or granulosa cells of primordial and primary follicles (Billig et al., 1993) .
In contrast to oestrogens, treatment with androgens has been shown to be atretogenic to ovarian follicles. In-vivo treatment with androgens causes a dose-and time-dependent decrease of ovarian weight (Payne et al., 1956; Hillier and Ross, 1979) and an increase in morphological signs of atresia in oestrogen-treated hypophysectomized rats (Hillier and Ross, 1979) . Endogenously produced androgens are also atretogenic because atresia induced by low doses of HCG (Louvet et al., 1975a) was inhibited by androgen receptor blockers and testosterone antibodies (Louvet et al., 1975b) . Using hypophysectomized, oestrogen-treated rats, treatment with testosterone has been shown to increase granulosa cell apoptosis (Billig et al., 1993) . These data suggest that sex steroids play an important role in the regulation of ovarian apoptotic cell death, with oestrogens preventing apoptosis whereas androgens antagonize the effect of oestrogens.
The survival of male germ cells is probably dependent on gonadotrophins as well as intra-testicular androgens induced by LH. In contrast to their action in the ovary, androgens can act as survival factors in the testis, and treatment with androgens prevents apoptotic DNA fragmentation of testis tubules (Tapanainen et al., 1993; Henriksen et al., 1995) . Indeed, androgens alone can maintain spermatogenesis in adult animals (Roberts and Zirkin, 1991) . It is believed that intra-testicular androgens, secreted by Leydig cells in response to LH stimulation, play important paracrine roles in preventing germ cell degeneration.
Role of other factors
In rat ovaries, the regulatory peptide GnRH and its agonists have been shown to exert direct inhibitory effects on follicle differentiation by acting through specific ovarian receptors in granulosa and theca cells (Jones et al., 1980; Hsueh and Jones, 1981) . Because treatment with GnRH antagonists in vivo augments gonadotrophin stimulation of follicle growth, inhibin production and the content of IGF type I receptor in the ovary, the presence of an ovarian GnRH-like substance has been postulated (Birnbaumer et al., 1985; Rivier and Vale, 1989; Adashi et al., 1991) . Although low concentrations of GnRH mRNA have been demonstrated in rat and human ovaries using the reverse-transcription polymerase chain reaction (Oikawa et al., 1990; Peng et al., 1994) , detection of the peptide remains elusive.
In hypophysectomized, oestrogen-treated rats, treatment with a GnRH agonist has been shown to induce ovarian apoptotic DNA fragmentation directly, with or without cotreatment with FSH . Indeed, the highest expression of GnRH receptor mRNA was recently demonstrated in atretic follicles (Whitelaw et al., 1995) . Since GnRH is known to increase intracellular Ca 2+ and phosphatidylinositol turnover in rat granulosa cells (Naor and Yavin, 1982; Wang et al., 1992) , these studies may provide a model to analyse the activation mechanism of ovarian apoptosis through the protein kinase C pathway.
The transmembrane surface protein APO-1 or Fas antigen is expressed in the thymus and to a lesser extent in other tissues, including the ovary (Watanabe-Fukunaga et al., 1992) . Cloning of the Fas antigen has shown that it has high homology to the receptors for TNF, nerve growth factor (NGF), human B cell antigen CD40 and T cell antigen OX40 Oehm et al., 1992) . Treatment with monoclonal antibodies directed against the Fas antigen induces apoptosis in several cell types (Nagata and Golstein, 1995) . An endogenous ligand for the Fas antigen has been cloned, but was shown to have low expression in Figure 6 . Sex steroid regulation of ovarian apoptosis: in-situ 3′-end-labelling of ovarian DNA from rats with or without oestrogen treatment. Immature hypophysectomized rats were treated with or without oestrogen implants followed by in-situ 3′-end-labelling with digoxigeninddUTP (Billig et al., 1993) . (A and B) Ovary after 48 h of oestrogen treatment. (C and D) Ovary 48 h after termination of oestrogen treatment showing labelling of granulosa cells (gc) but not theca cells (tc) in pre-antral follicles (arrow). Also indicated is the lack of labelling in primordial follicles (arrowhead) and interstitial tissue. Bars = 250 µm. Reprinted from Billig et al. (1993) with permission. the gonads (Suda et al., 1993) . However, recent studies demonstrated that activation of ovarian Fas antigen in human granulosa/luteal cells induces apoptosis (Quirk et al., 1995) .
In the testis, four studies have been performed to study the direct role of GnRH or Fas ligand as regulators of apoptosis. However, testis cells are highly responsive to temperature elevation. Experimentally induced bilateral cryptorchidism (re-position of the testis inside the abdomen) induces germ cell apoptosis prior to decreases in the concentration of LH receptors (Shikone et al., 1994) . In cryptorchid testes, apoptosis is not due to a lack of gonadotrophin stimulation since the procedure causes significant increases in serum concentrations of LH and FSH (Amatayakul et al., 1971; Swedloff et al., 1971; Kerr et al., 1978; Au et al., 1983) . Furthermore, in unilaterally cryptorchid rats, the abdominal testis showed apoptotic DNA degradation while the contralateral sham-operated testis in the same animal remained viable despite exposure to the same circulating hormone concentrations (Shikone et al., 1994) .
These studies demonstrate that elevation of testis temperature or other changes associated with cryptorchidism may regulate male germ cell apoptosis. Indeed, morphological signs of apoptosis in spermatocytes have been demonstrated in testis exposed to high temperatures (Allan et al., 1987) . During apoptotic cell death in the ventral prostate, mRNA levels of a 70 kDa heat shock protein increase (Buttyan et al., 1988) . In contrast, inactivation of heat shock proteins in fibroblasts increases their sensitivity to heat-induced apoptosis (Riabowol et al., 1987) . Because the mRNA and gene products of several heat shock proteins have been detected in both normal and heat-treated testis (Lemaire and Heinlein, 1990; Zakeri et al., 1990; Itoh and Tashima, 1991; Rosario et al., 1992) , both activation and inactivation of different heat shock proteins may play a role in the apoptosis of testis germ cells. LH = luteinizing hormone; FSH = follicle stimulating hormone; bFGF = basic fibroblast growth factor; EGF = epidermal growth factor; IGF-I = insulin-like growth factor I; NO = nitric oxide; IL-1β = interleukin 1β; GnRH = gonadotrophin-releasing hormone; IGFBP = insulin-like growth factor-binding protein.
References: (1) Baker, 1963; (2) Huckins, 1978; (3) Billig et al., 1993; (4) Billig et al., 1995; (5) Billig et al., 1994; (6) Tapanainen et al., 1993 ; (7) Chun et al., 1994; (8) Tilly et al., 1992b; (9) Assarsson et al., 1994; (10) Chun et al., 1995; (11) Eisenhauer et al., 1995b; (12) Henriksen et al., 1995; (13) Shikone et al., 1994; (14) Quirk et al., 1995; (15) Hsueh et al., 1984; (16) Vornberger et al., 1994 .
Comparison of ovarian and testicular cell apoptosis
In the ovary, most of the follicles endowed during neonatal development degenerate during life. In all species, granulosa cells are the primary cell type undergoing apoptosis, whereas the fate of the theca cells varies in different species. During later stages of follicle atresia, the oocytes undergo germinal vesicle breakdown and eventually disintegrate into fragments (Table II) . In the testis, 50-75% of the germ cells from the potential germ cell pool undergo apoptosis at different stages of spermatogenesis. In contrast, the testis somatic cells (Leydig and Sertoli cells) do not show any signs of degeneration (Table II) . In addition to their trophic actions on the ovary and testis, gonadotrophins are essential survival factors for gonadal cells in both sexes (Table II) . It is also clear that different peptides and steroid hormones play important roles as survival and apoptotic factors in the regulation of ovarian and testicular apoptosis (Table II) . The main products of gonadal cells, the sex steroids, are regulators of apoptosis. In addition, the less studied IL-6 and GnRH-like peptides may also play important intra-ovarian regulatory roles. However, it is also clear that specific developmental stages of gonadal cells determine their susceptibility to survival or apoptotic factors. For instance, granulosa cells in primordial follicles do not undergo apoptosis after oestrogen withdrawal or androgen stimulation, while granulosa cells in more differentiated follicles do (Billig et al., 1993) . Furthermore, GH, IL-1β and EGF inhibit apoptosis in preovulatory follicles in vitro (Tilly et al., 1992b; Eisenhauer et al., 1995a; Chun et al., 1995) but do not affect apoptosis in early antral follicles in vitro (Eisenhauer et al., 1995b) . In testis, germ cells at different developmental stages of spermatogenesis demonstrate varying, but stage-specific apoptosis (Kerr, 1992; Billig et al., 1995; Henriksen et al., 1995) .
Based mainly on studies using pre-ovulatory follicles of the rat, one can postulate a model for the regulation of follicle apoptosis by intra-ovarian hormonal mechanisms involving several growth factors . Because granulosa cells are the exclusive site of apoptotic cell death in rats, endocrine and paracrine signals converge on this cell type to regulate apoptosis. However, studies using cultured granulosa cells indicated that treatments with FSH, LH/HCG and IGF-I are ineffective in the prevention of spontaneous apoptosis, despite their apoptosis-suppressing action in cultured follicles. These findings suggest an Figure 7 . Intra-ovarian mechanisms involved in follicle atresia: growth factors and their control by gonadotrophins. Based on studies of cultured rat follicles, gonadotrophins and growth hormone (GH) act on granulosa cells to stimulate insulin-like growth factor I (IGF-I) production and suppress IGF-binding protein (IGFBP). The unbound IGF-I may act on the theca cells to stimulate the production of survival factors like epidermal growth factor/transforming growth factor α (EGF/TGFα), which in turn acts on granulosa cells to suppress apoptosis. In addition, gonadotrophins may stimulate the release of unknown survival factors (X) to stimulate the release of thecal EGF/TGFα, which is responsible for suppression of apoptosis. Furthermore, basic fibroblast growth factor (bFGF) and TGFα may be produced in the granulosa cells and suppress granulosa cell apoptosis through a paracrine or autocrine action. In parallel, luteinizing hormone (LH) may increase interleukin (IL)-1β production by theca cells. The cytokine then stimulates granulosa cells to release NO, which in turn increases the activity of a soluble guanylate cyclase, leading to suppression of apoptosis. important role of the neighbouring theca cells. FSH or LH may act at the granulosa cells to produce a theca cell stimulator which, in turn, increases the secretion of EGF or TGF-α by the theca cells. Subsequently, these growth factors could diffuse back to granulosa cells to inhibit apoptosis. Because bFGF is produced by granulosa cells (Neufeld et al., 1987) , this peptide could also play an autocrine role in the regulation of follicle apoptosis (Figure 7) .
Because granulosa cells are the main site of IGF-I synthesis in rat ovaries, one can further postulate that gonadotrophins stimulate the production of IGF-I production by granulosa cells and the secreted IGF-I acts on theca cells to stimulate the production of EGF/TGFα. Again, theca cell EGF/TGFα or other factors may diffuse back to granulosa cells to inhibit apoptosis. To ensure the survival of 'selected' follicles, several redundant cellular pathways are involved to prevent follicle cell apoptosis. In addition to stimulating IGF-I production and inhibiting IGFBP secretion, gonadotrophins also increase follicle production of IL-1β which, in turn, enhances NO production. Elevation of intracellular NO activates a soluble form of guanylate cyclase, leading to cGMP generation and apoptosis suppression (Figure 7) .
In the testis, increases in germ cell apoptosis after GnRH antagonist treatment in rats between 16 and 32 days of age are correlated with decreases in serum FSH but not LH concentrations. It is therefore postulated that FSH is more important than LH as a survival factor for these cells. In addition, photoperiod-entrained changes in testis cell apoptosis in seasonally breeding hamsters are correlated with circulating FSH concentrations. Because FSH receptors are found exclusively in the Sertoli cells of the seminiferous tubules but not in germ cells themselves (Heckert et al., 1991) , it is likely that the FSH stimulation of Sertoli cells results in the stimulation of an intra-tubular factor essential for the survival of the male germ cells (Bardin et al., 1988) . In addition, in adult animals, treatment with androgen alone can maintain spermatogenesis. Thus, both androgen and LH, the stimulator of androgen production, are important survival factors for testis cells (Roberts and Zirkin, 1991) .
Conclusion
Although early morphological analyses have clearly documented that the majority of ovarian follicles and testicular germ cells undergo degeneration during reproductive life, only recent studies have demonstrated the involvement of the apoptosis pathway. Availability of a quantitative method to analyse apoptotic DNA fragmentation and in-situ methods to localize the specific cell types involved in DNA degradation opens new experimental possibilities for increasing our understanding of the hormonal control of gonadal cell apoptosis. Analysis of follicle cell apoptosis confirms and extends earlier findings showing the role of gonadotrophins and oestrogens as follicle survival factors as well as the role of androgens as an atretogenic factor. In addition, several ovarian growth factors, regulatory peptides and a signalling gas have recently been identified as either survival factors (EGF/TGFα, basic FGF, IGF-I, IL-1β and nitric oxide) or atretogenic factors (IL-6 and GnRH). Likewise, analysis of testicular cell apoptosis confirms and extends earlier findings showing the role of gonadotrophins and androgens as testicular survival factors. It is also becoming evident in both gonads that the susceptibility to both apoptotic and survival factors is dependent on the stage of differentiation of the target cells. Even though the primary target cell types undergoing apoptosis in the gonads differ (germ cells in the testis and granulosa cells in the ovary), apoptosis is a physiological process in the reduction of the potential germ cell pool in both sexes. Future analysis of the hormonal control of gonadal cell apoptosis should provide new understanding of the molecular process underlying cell demise as well as better treatment protocols for the management of pathological conditions involving excessive gonadal cell degeneration such as premature ovarian failure and polycystic ovary syndrome in the female and oligospermia and cryptorchidism in the male. Furthermore, defects in the physiological process of gonadal cell apoptosis may be associated with tumorigenesis of ovarian and testis cells.
